We present recent experimental verification of a new in-situ fiber optic sensor [1] for detecting the curing of thermoset composites. This device is sensitive to the difference between the refractive index of the curing polymer matrix within the composite and that of a fully-cured reference fiber made of the same thermoset material. The method is indifferent to temperature variations imposed during the cure process.
INTRODUCTION
We present recent experimental verification of a new in-situ fiber optic sensor [1] for detecting the curing of thermoset composites. This device is sensitive to the difference between the refractive index of the curing polymer matrix within the composite and that of a fully-cured reference fiber made of the same thermoset material. The method is indifferent to temperature variations imposed during the cure process.
The process of polymerization usually results in an increase in the refractive index of a thermoset re sin. Increases on the order of one percent are common. In our method, a fiber optic core, comprising the fully-cured neat resin, is placed within, and in direct contact with, the same curing thermoset composite matrix, which functions as a cladding. When the matrix is not fully cured, its lower index of refraction permits waveguiding in the fully-cured core. As the composite is subjected to curing conditions, the matrix cures and the index of refraction difference diminishes. At final cure, the waveguiding characteristics of the fiber optic cure sensor are lost, resulting in a vanishingly small transmitted intensity, at any Cure temperature, and without calibration.
Dur sensor does not suffer from the limitations exhibited by other methods, in large part because it is self-referencing, and relies on a dijferential rather than an absolute measurement. Our technique is sensitive to the extent of cure even at the latest stage and could be used within the body of large composite structures undergoing a curing process in an autoclave. It is further expected that because of its small size, the sensor may be left in the [mal product without detrimental effect to the eventual application.
STA TEMENT OF THE PROBLEM
Composite materials consisting of graphite or other fibers embedded in an epoxy matrix are finding increasing use in a variety of applications. These materials require a precision curing process at elevated temperature and pressure. The ultimate mechanical properties of these composites depend on the degree of cure. During the fabrication of a large structure, the degree of cure may vary from place to place due to the exothermic nature of the reaction, the thermal diffusivity of the material, the thermal characteristics of the autoclave and the geometry of the part. Overcure has been the practical solution to ensure that the entire structure has reached full cure. In addition, inhomogeneity of the starting materials, attributed to both batch variations and to differences in handling (out-time, or time out of the freezer) during pre-preg lay-up, are thought to result in differing cure responses of the composite to similar curing conditions. In the absence of data, these uncontrolled and unknown material variations are again usually dealt with by subjecting the structure to overcure. However, the cost of fabrication can be minimized if unnecessarily lengthened cure cycles can be avoided. In addition, quality assurance, especially of aerospace structural components, demands a more controlled cure process, and perhaps one that can compensate automatically for variations in starting materials. For these reasons, precision curing requires in-situ process control.
Cure sensing modalities proposed heretofore, utilizing infrared absorption [2] , dielectric [3] , fluorescence [4] , or acoustic [5] measurements, alI entail extensive calibration for different materials and cure temperatures. In all these cases, an absolute measurement is required, and as the process temperature changes, one must correct for the effect of temperature on the quantity being monitored. In addition, some of the best techniques are not readily adaptable to in-situ monitoring of the cure of the [mal product, and must be used only in test coupons which can be detached from the final product after cure. In view of the. geometry and materials problems mentioned above, data obtained from test coupons may not reliably reflect the state of cure within the product itself.
We describe a method for monitoring the cure process which may be used without calibration for a wide variety of materials, utilizing a sensor that is so small that it may be left in the final product without significantly compromising the functionality of the product.
BACKGROUND
The specific optical propenies of thermoset resins which make our sensor possible have not been well documented in the literature. We are interested primarily in the visible and near infrared index of refraction of resin systems as a function of their cure state and temperature, and secondarily in their absorption and scattering properties. This inforrnation is simply not available at the present rime. We can oniy refer the interested reader to a brief paper [6] in Russian which states that upon cure, epoxies exhibit an increase on the order of 0.01 in their index of refraction, and speculates that at constant temperature, the rate of change of the index during cure is proportional to the rate of the polymerization reaction. Whereas many unfilled household epoxies and epoxies used in fiberoptic applications are transparent in the visible wavelength range, the epoxies used in aerospace applications range from amber to red after cure. These compositions can have rather high absorption in the shorter wavelength visible range, but usually exhibit a very broad featureless absorption tail that decreases to give the material a usable transparency in the near infrared. Optical scattering behavior of epoxies has not been reported to our knowledge, although our experience indicates that uncured compositions can be highly scattering due to the inhomogeneity caused by the mixing of resin and curing agent having different indices of refraction, but cured epoxy is generally homogeneous and therefore clear, except for the occurrence of random defects such as bubbles. Figure 1 shows a schematic of the sensor. Suppose we wish to monitor the curing process in an epoxy-graphite composite, as an example. Conventional step index or graded index fibers of convenient diameter are used to guide light to and from the sensor element. The sensor element is a fiber of similar diameter fabricated from the epoxy whose cure we wish to monitor, but first cured to its fully-cured state. The sensor element is then butt-joined to the input and output fibers, and epoxied in place. The sensor is placed in the composite during lay-up at the location where information about the state of cure is desired. The ends of the input and output light guides are brought outside the composite. Light of a suitable wavelength is coupled into the input fiber, and a photodetector measures the light transmitted by the output fiber. Initialiy, light will be guided through the sensor since the uncured epoxy surrounding the sensor has a 10wer index of refraction than that of the fully-cured sensor fiber. However, if the product is subjected to a curing process, the number of guided modes that the sensor can support will decrease progressively as the state of cure of the surrounding composition increases. Thus, the 1ight output from the sensor will decrease. When the curing composition reaches a fully-cured state, equal to that of the sensor fiber, the sensor will be unable to guide any light at ali. In fact, the sensor as such will disappear, and merge perfectly with the surrounding material.
DESCRIPTION OF THE SENSOR
A typical graphite-epoxy composite contains 60-65% graphite fiber by weight. Each fiber may be a small as 71lm in diameter. Fibers are grouped in yarns and woven into fabric plies prior to impregnation with epoxy. During cure, heat and pressure is applied which forces the epoxy to flow and fill voids between the graphite fibers, and compresses the many fabric plies into a tight mass. A cure sensor element placed in such a composite will have a multitude of graphite fibers pressed against it. This will induce a significant excess transmis sion loss since graphite fibers will be within the evanescent field region of many of the guided modes of the sensor. Other losses will occur due to microbending effects as the sensor fiber is forced to conform to the woven fabric geometry. These losses will be substantially constant during the curing event, however. As cure progresses, a substantial change occurs in the capacity of the sensor element to transmit light. This is due to the diminishing difference between the index of refraction of the fully-cured sensor fiber and that of the progressively curing epoxy matrix of the composite. This effect is substantial because most of the evanescent field volume is fllled with the epoxy matrix. It is this effect that we observe most directly in our experiments.
In the experiment to be described below, a fiber of fully-cured EPON® 828 epoxy was prepared with a diameter of approximately 100 Ilm, and a length of approximately 2 cm. The sensor fiber was epoxied to 200/240 Ilm glass on glass input and output fibers using fast-setting household epoxy. The source of light was an 850 nm LED modulated at 1 kHz, and the transmitted light was detected with a PIN diode and a lock-in amplifier synchronized with the LED modulation signal. This sensor signal was digitized and recorded on a computer. EXPERIMENT A composite test coupon of area 2.S x S cm 2 was prepared from 10 plies of 200 glm 2 graphite fabric. The epoxy composition was EPON 828 with 14 phr m-phenylenediamine curing agent, and accounted for approximately 3S-40% of the weight of the coupon. This same epoxy composition was used ro fabricate the sensor fiber previously. The sensor was placed between the 5 th and 6 th plies during assembly of the coupon. The sensor fiber was placed in the coupon with a slight bend in the plane of the plies, so that the input and output fiber ends were not optically aligned. A slight excess of epoxy was spread near the sensor fiber to ensure that no voids would develop during cure. The coupon was squeezed between aluminum plates held apart with an aluminum spacer of 0.25 cm thickness.
The test coupon was cured in a small programmable oven with the input and output optic al fibers introduced into the hot zone through a vent hole. A two-stage cure program was used, as recommended by the epoxy manufacturer. The temperature of the test coupon was measured as a function of cure time. Figure 2 shows both the temperature and the output of the cure sensor as a function of cure time.
Starting with the initial temperature ramp, the sensor output increases, rather erratically, and then stabilizes. We attribute the sensor signal increase to an increasing refractive index difference between cured and uncured epoxy as the temperature is raised. The erratic signal may be caused by movement of the graphite fibers andlor shift of the epoxy sensor element during the epoxy flow that coincides with this low viscosity stage of the epoxy cure cycle. Then, as the internal geometry of the test coupon stabilizes, the output signal stabilizes as well and begins to decrease progressively as cure proceeds and the index of refraction of the sensor and the surrounding epoxy start to converge.
The second temperature ramp causes another brief increase in the sensor signal, which we again attribute to an increase in the index difference between fully-cured and partially-cured epoxy as temperature increases. Although the temperature continues to rise, the progressive curing of the surrounding epoxy soon overwhelms the temperature effects and forces the signal to tend toward zero as the number of guided modes in the sensor decreases.
In order to elucidate the relationship between the sensor signal and the state of cure of the epoxy in the composite coupon, we prepared a small sample of the same epoxy used in the composite sample, and placed it in a differential scanning calorimeter, programmed to heat the sample with a combination of temperature ramps and isothermal segments that approximated the thermal history of the composite coupon during cure in the oven. The heat flow to this sample, corrected for the hearing rates, permitted us to derive the cure exothernl as a function of rime. The normalized integral of this exotherm gave us the degree of cure, a, of the epoxy as a function of cure time. Figure 3 shows a plot of 1-a, in percent, which we call the % cure remaining, as well as the sensor signal, both as functions of the cure rime. Note that both curves fall to zero rather exponenrially as cure is approached. Figure 4 shows the sensor signal VS. % cure remaining. 
DISCUSSION OF RESUL TS
It is evident from these last figures that the sensor signal approaches zero almost linearly with the completion of the cure of the epoxy. Overall, the sensor shows a SOO-fold decrease in signal. A 100-fold decrease occurs during the second half of the cure exotherm. Greater variation would have been measurable if more sensitive se ales had been used on the lock-in amplifier.
The relationship between the sensor signal and the degree of cure of the epoxy composite has not yet been studied in detail. It is evident that the geometry of the sensor itself wiU play a role in the analysis. For example, a strongly bent sensor element will radiate lower order modes at larger index differences between the fully-cured core and the surrounding curing epoxy cladding than will a straighter sensor. The transmitted intensity will depend upon the extent to which aU the available guided modes of the sensor element are excited. Transmission losses attributable to absorption or scattering in the curing epoxy cladding will vary with cure, and need to be taken into account as well. A fuU discussion of the theory of this technique when used as a cure monitor awaits further work. However, we see that the method works very well as a cure sensor, and indicates the point of full cure of an epoxy composite with an ambiguity of less than one percent without any calibration.
Further questions that need to be answered are concemed with the effects of batch-to-batch and process variation in the epoxy. It is important to know, for example, whether the fuIly-cured sensor element must be made from the same batch of epoxy as that used in the composite. Do [mal refractive indices of different batches v.ary significantly when fuIl cure is achieved? Secondly, it is important to determine whether moisture absorption, or pre-cure under differing temperatures or atmospheric conditions affect the index of refraction of epoxies at full cure. We hope to address these important questions in the near fu ture.
CONCLUSION
In conclusion, we have demonstrated that a simple structure, consisting of a fully-cured epoxy optical fiber, placed within a graphite composite containing the same epoxy, can be used as an accurate and sensitive in-situ cure sensor. The method is indifferent to cure temperatures, and achieves this independence through its use of the self-referential, differential waveguiding effect. Further, full cure of the composite is indicated by the disappearance of the sensor signaI. Thus, no calibration is necessary. Finally, the sensor can be fabricated from fibers of the smallest commercially-available diameter, and thus it is anticipated that they may be left in the final product without significantly deteriorating the strength of the composite structure.
